Variations in crystal morphologies in pillow basalts and probable sheet flows sampled from the region of the East Pacific Rise drilled during Leg 54 are related both to differences in composition and to an extreme range of cooling rate experienced upon extrusion. The basalts range in composition from olivine-rich tholeiites to tholeiitic ferrobasalts, and include some more alkaline basalts. The kinetics of crystal growth in some samples appears to have been influenced by the amount of initial superheating (or supercooling) of the magma, or possibly by differential retention of volatiles. Olivine in quartznormative ferrobasalts apparently formed metastably at high undercooling.
INTRODUCTION
This chapter presents a petrographic introduction to basalts drilled during Leg 54 on the East Pacific Rise near 9°N, and in the nearby Siqueiros fracture zone, as well as basalts dredged from the region during two prior Scripps Institution expeditions-Siqueiros and Deepsonde. With the completion of Leg 54, a suite of rocks has been obtained from this small area (Figure 1 ) which have remarkably diverse compositions, ranging from olivine-rich tholeiites to iron-and titanium-rich tholeiitic ferrobasalts. There are even a few basalts transitional to alkalic-olivine-basalt compositions recovered from the tops of seamounts.
The general petrographic features of these basalts have been summarized in Batiza et al. (1977) , Johnson (1979) , and the East Pacific Rise Site Report of this volume. In the present paper, however, the exposition will be keyed to photomicrographs in order to illustrate the profound differences in crystallinity, crystal morphologies, and textures that result from the extreme range of supercooling undergone by compositionally diverse submarine lavas as they are extruded onto the deep-sea floor.
This chapter also complements an earlier paper describing basalts from DSDP Site 395 on the Mid-Atlantic Ridge (Natland, 1978) . Here, in a concluding section, both East Pacific Rise and Site 395 basalts will be compared to elucidate contrasting magmatic processes on fast-and slow-spreading ridges . The comparison will be based on a combination of petrographic characteristics and compositional data, primarily electron probe analyses of quench glasses. The glass data are presented in (SD, DS) and drill sites (426) (427) (428) (429) Natland and Melson (this volume) for the East Pacific Rise, and in for Site 395. Several studies (Bryan, 1972; Kirkpatrick, 1978; Natland, 1978) have demonstrated the usefulness of providing descriptive information on crystal morphologies to discriminate basalts of different chemical compositions. We are far from understanding all the causes of variation in crystal morphologies, but chemical composition certainly is important and must be considered before other explanations can be assessed. With the recovery of so wide a range of chemical types from the East Pacific Rise, we can approach establishment of reliable petrographic criteria for classification of sea-floor basalts. Such classification, however, cannot be made simply on the presence, absence, or relative abundance of particular minerals. These can be greatly affected by supercooling, or what is more properly termed undercooling.
2 It is therefore necessary to document the various types of crystal morphologies within distinct chemical types through the range of undercooling represented by typical pillows, flows, or intrusive bodies.
Experimental data on olivines (Donaldson, 1976 ) and plagioclases (Lofgren, 1974) crystallized from basaltic compositions demonstrate that a wide range of crystal morphologies can be systematically related to undercooling. Since undercooling generally is most extreme at a cooling unit boundary (where crystallization is suppressed altogether, so that glass forms), and least in its interior, it makes some sense to describe lavas literally from the outside in, tracing modifications in crystal morphologies and increasing crystallinity as an approximate function of decreasing undercooling. A conceptual basis for this is exemplified by descriptions of pillow basalts by (Kirkpatrick, 1978) . He designated several specific zones of crystallization in typical pillows, most of them in the outer few centimeters. These progressed from exterior glass (Zone 1) through isolated spherulites in glass (Zone 2), coalesced spherulites (Zone 3), and thence through two zones of fan and sheaf spherulites, and a final zone of microlitic and skeletal plagioclase, with dendritic clinopyroxene. Natland (1978) , although not formally using these zones, traced similar changes in Mid-Atlantic Ridge basalts through to much coarser basalts, with subophitic and ophitic textures.
The same general procedure will be followed here. Six groups of rocks will be described. Most of them are from the Leg 54 drill sites and dredges obtained during the Deepsonde site survey cruise and Leg 54. A few are from Siqueiros expedition dredge hauls. Site and dredge locations are shown on Figure 1 and listed in Table 1 . The six groups are: 1) olivine-rich oceanites representing the most primitive tholeiites recovered from either the East Pacific Rise or the Siqueiros fracture zone (dredge SD-7); 2 Defined as the negative temperature differential, -ΔT, between the equilibrium liquidus temperature and the actual temperature below this at which crystallization occurs; superheating is the positive temperature difference +ΔT between the liquidus temperature and any higher temperature the melt may have. 2) olivine-rich tholeiites, also from the Siqueiros fracture zone (dredge SD-7);
3) plagioclase-olivine phyric basalts from the Siqueiros fracture zone (dredge SD-3); 4) aphyric and sparsely phyric olivine tholeiites of the flanks of the East Pacific Rise (DSDP Sites 428 and 429; dredge DS-3); 5) tholeiite ferrobasalts from the flanks of the East Pacific Rise (DSDP Sites 420, 421, 422, and 423; dredges SD-5 and DS-5) and the Siqueiros fracture zone (DSDP Site 427); and 6) "transitional," more alkalic basalts, from OCP Ridge (dredge DS-4). The first three of these will be considered as a group since they are all porphyritic (in this respect they are comparable to some Mid-Atlantic Ridge basalts), and because they are from closely spaced dredge hauls in the Siqueiros fracture zone. Samples from the crest of the East Pacific Rise, or the typical block-faulted topography on its flanks (the "fabric" of Rosendahl and Dorman, this volume) , are substantially aphyric, at least in the sense of lacking macroscopic phenocrysts. The occurrence of porphyritic basalts only in the fracture zone is an important feature of the suite of Rise and fracturezone tholeiites which will be discussed more fully later.
As in the paper on Site 395 crystal morphologies (Natland, 1978) , the terminology used herein is that of Lofgren (1971 Lofgren ( , 1974 for spherulitic forms in general, and Donaldson (1976) for olivines. Some of the terms of Bryan (1972) are also used.
PORPHYRITIC BASALTS FROM THE SIQUEIROS FRACTURE ZONE
The first two of the rocks to be described were obtained in the same dredge haul (SD-7), and the third was from a nearby dredge haul (SD-3). All were from scarps some 300-1000 meters deeper than the crest of the nearby East Pacific Rise (Batiza et al., 1977) .
The compositions of several dredge SD-7 rocks are listed in Schrader et al. (this volume) , who also describe the rocks and give mineral compositions. Natland and Melson (this volume) found that glasses from 10 pillow rims in this dredge haul comprise three distinct compositions (glass Groups D, E, and F of their Table 3 ). These were among the most magnesiari glasses in the entire East Pacific Rise/Siqueiros fracture zone suite. The two rock types to be described here correspond to glass Groups E [Mg/(Mg + Fe) = 0 Macdonald (1949 Macdonald ( , 1968 in restricting the use of the term picrite to olivine-rich alkalic basalts, and in designating particularly olivine-rich tholeiites "oceanites." This seems especially appropriate for one group of these rocks, represented by glass Group F, which could represent a parental composition for much of the entire rise tholeiite suite (Natland and Melson, this volume) .
The third group to be described in this section is particularly rich in plagioclase phenocrysts up to 5 mm in diameter, with lesser olivine phenocrysts. Despite the enrichment in plagioclase phenocrysts, the host glass composition is nearly as magnesian as in the SD-7 basalts. It is represented by glass Group A of Natland and Melson (this volume) with Mg/(Mg + Fe) = 0.66.
Porphyritic Type 1: Oceanite
The whole-rock equivalent of glass Group F is shown in Figure 2 . Central to the figure is a full thin-section photomicrograph in transmitted light, in which coarse granular olivine phenocrysts up to 2 mm, olivine glomerocrysts up to 5 mm, and round plagioclase spherulites typically about 1 mm in diameter can be readily seen. Only a few samples of rocks of this type were recovered in the dredge, none coarser grained than this example. The central photomicrograph is oriented with the least crystalline edge toward the top, and is surrounded with an array of more detailed photomicrographs. To the right, photomicrographs show the crystallization features of groundmass olivine of various portions of the sample (Figure 2A , B, and C). To the left are pictures depicting plagioclase spherulites ( Figure  2D , E, and F).
The highly magnesian composition of the host glass manifests itself in a remarkable abundance of latticetype dendrites of groundmass olivine, usually centered on tiny cellular, sometimes swallowtail, olivines ( Figure  2A ). Within about 0.5 cm further into the rock, the dendritic haloes have completely coalesced ( Figure 2B ). Still further away from the margin of the sample, where the plagioclase spherulites have coalesced, isolated pockets of interspherulite material have myriads of olivines that form separate, if somewhat feathery, crystals ( Figure  2C ) of the type termed "lantern and chain" by Bryan (1972) .
The plagioclase spherulites, which are brown in color, increase in diameter away from the quench margin of the sample and coalesce at the bottom of the central photomicrograph. Generally, the spherulites consist of three zones: a darker core in which bundles or sworls of plagioclase needles, or even individual plagioclase crystals, can be seen ( Figure 2D) ; a lighter surrounding zone where spherulitic fibers are arranged in radial or crosscutting patterns; and a darker outer rim where the plagioclase spherulite fibers have intergrown with lattice-type olivine dendrites in miscellaneous orientations. Where the thin section has actually sliced through a central plagioclase crystal, as in Figure 2E , the crystal is surrounded by an additional pale brownish yellow zone where spherulitic fibers are densely packed. The sharp boundary of this inner shell of fibers apparently marks where the nearly parallel fibers diverge sufficiently to have allowed the outer corona of fibers to nucleate upon them. Plagioclase, however, is not the only mineral upon which the spherulitic fibers nucleated. A number of spherulites have olivine and even tiny chrome-spinel cores. These lack the inner annulus of densely packed fibers.
As the diameter of the spherulites increases and they coalesce, individual fibers are coarser and are arranged in more sheaf-like assemblages ( Figure 2F ). They interfere with each other so completely within the central zone of spherulites that they form distinct subzones with sharp boundaries. Here, too, the outer boundaries of the spherulites are more polygonal and the outer darker zone disappears-a consequence of the formation of discrete crystals of olivine rather than the overlapping olivine dendrites.
The tiny dark spots throughout the thin section ( Figure  2G ) are optically almost unresolvable. They appear largely to be dark fibers clumping around tiny olivine nuclei, which can occasionally be discerned. The size and density of these spots increase toward the zone of coalesced spherulites where, with the diminished abundance of olivine dendrites, the spherulites overgrow the spots, which become entirely concentrated within the outer third of the spherulites. Since the spots seem to be entirely independent of the fibers of spherulitic plagioclase in these zones, they evidently are not themselves plagioclase. Their abundance suggests them to be clinopyroxene. Figure 3 depicts various small crystals, mostly olivines, in the rock. Figure 3A is a lantern-type olivine amidst a sea of lattice-like olivine dendrites. Figure 3B is a type of swallowtail olivine, perhaps more appropriately termed "longhorn" olivine. Tiny dendrites can be seen growing from the "horns." Somewhat larger crystals are shown in Figure 3C -E-two of them with spikelike and one with branching dendrites. The crystal in Figure 3F evidently is more tabular than any of these, although faint dendrite arms project from either end. The feature extending the length of the center of the crystal is probably a hollow interior tube. Unless it is in a very unusual orientation, the morphology of this crystal is not like that of olivine. Schrader et al. (this volume) have found tiny orthopyroxene crystals in samples of this rock type using an electron microprobe. The grain in Figure 3F may therefore be an orthopyroxene. Figure 3 , G and H, show brown euhedra of chromian spinel, each with spherical inclusions of trapped glass. The spinel in 3H itself is within a glass inclusion in a granular olivine phenocryst. Even so, it is festooned with brown plagioclase spherulitic fibers.
In four thin sections of oceanite available to me, there are no vesicles; and sulfides are very rare. Only the tiniest spherical specks of pyrite and chalcopyrite can be seen, and these are widely scattered.
The patterns of crystal growth can be used to trace the cooling history of the basalt. The granular olivine and euhedral spinel phenocrysts formed under nearequilibrium conditions in some reasonably large magma body prior to extrusion. The extrusive phase had two parts: a period of flow prior to pillow formation, and pillow formation itself. It was during the period of flow that many of the small crystals depicted on Figure 3 grew. The dendritic projections on these crystals, and the dendrite-spherulite groundmass, grew during the final rapid cooling of the outer margins of pillows. In the groundmass, the plagioclase spherulites began growing prior to the olivine dendrites, because the cores of the spherulites are free of intermingled dendritic olivine fibers.
At any given point in the sample, the temperature decreased very steadily and rapidly, but more rapidly toward the margin. Consequently, the interval of undercooling through which relatively well-formed crystals could grow was passed through quickly, but more so toward the margin than in the interior. This explains the increase in both the abundance and size of reasonably well formed crystals toward the interior, the increase in size of the lattice-dendrite coronas around such crystals toward the interior, and the general sequence of dendritic or spherulitic overgrowths on crystals wherever they occur in the section. The chain-like projections of lantern-and-chain olivines are another example of this.
Porphyritic Type 2: Olivine-Rich Tholeiite
The most abundant rock type in dredge SD-7 consists of pie-shaped portions of pillows with distinctly curved glassy margins, and more coarsely crystalline interiors (Figure 4 ). Olivine phenocrysts are abundant, particularly at the acute apex of each pie-shaped piece, which is also where the average crystallinity is greatest. The pieces conform to the keystone or wedge shape expected from cylindrical or tubular pillows as opposed to sheet flows (see Natland and Rosendahl, this volume, for additional illustrations) .
Thin sections made from the top to the bottom of the piece shown on Figure 4 reveal several zones of crystallization conforming to all six zones defined by Kirkpatrick (1978) for Mid-Atlantic Ridge olivine tholeiites drilled at Site 396. Five of these (all but Zone 1, glass) are shown, and labeled Z2 through Z6 on the photomicrographs around the larger picture, which is of a polished rock sample. The characteristics of the zones are given in the Figure caption. Despite the similarity of groundmass zones, the Mid-Atlantic Ridge basalts described by Kirkpatrick were sparsely plagioclase phyric, not rich in olivine phenocrysts.
In the sample shown on Figure 4 , microphenocrysts of euhedral olivine and skeletal or tabular plagioclase occur in the glassy rim ( Figure 4A, Z2 ), where they serve as sites for nucleation of partial or complete coronas of brown spherulites ( Figure 4B ). The myriads of tiny olivine dendrites and the large round spherulites of the oceanite are not present in this sample, which is only slightly less magnesian [Mg/(Mg + Fe) = 0.67 in the glass]. In addition to the euhedral olivine microphenocrysts, olivine with short dendritic projections can be found intergrown with swallowtail plagioclase with spherulitic overgrowths in the glass ( Figure 5A ). In the zone of coalesced spherulites, many of which are centered on small skeletal plagioclase microlites ( Figure  4C ), olivine forms tiny scattered euhedral crystals only rarely with thin coronas of dendrites. In zones of fan and sheaf spherulites ( Figure 4D ), plagioclase is the dominant microlitic mineral, but tiny swallowtail olivines can be seen in addition to the small, more abundant granular olivines. In the coarsest-grained parts of the rock ( Figure 4C and F) there are many radial plagioclase arrays centered on granular to euhedral olivines, but some olivine also formed after crystallization of much of the plagioclase. Despite the interference of previously grown crystals, these have an optically continuous branching morphology ( Figure 4F ). Clinopyroxene in this zone is dendritic ( Figure 5B ).
The phenocrysts and opaque minerals in these rocks differ also from those previously described in the oceanites. Although many olivines are granular, a good many are skeletal ( Figures 5C and 5D) ; even the granular ones contain large, limpid glass inclusions ( Figure 5E ). In several pillow fragments that I have examined, all had more olivine, perhaps three times as much, toward pillow interiors than in glassy rims. This evidently was a crystal-accumulation effect.
Spinels are also more abundant toward the pillow interiors, and again they are different from those in the oceanites. They can contain rather large sieve-like glass inclusions ( Figure 6A ), are darker brown in color, and have skeletal rims (Figure 6B-D) . Some even have skeletal interiors ( Figure 6E ). Titanomagnetite occurs in Zones 5 and 6 as dust-like particles between sheaves or dendrites of pyroxene ( Figures 4D, 4E , 6E, and 6F). In the coarsest-grained portions of the samples, they take on skeletal morphologies ( Figure 6F ) and rim chrome spinels ( Figure 6E ). Sulfides, chiefly pyrite, are much more abundant than in the oceanites, and occur especially in glassy portions of these rocks where vesicles are decorated with tiny pyrite crystals (Figures 4A and 6G and H Figure 5 .
Features of crystals in dredge SD-7 olivine tholeiites. All photomicrographs in plane-polarized light. (A) Intergrown olivine and swallowtail plagioclase with a corona of intergrown plagioclase spherulite fibers and olivine dendrites. (B) Faceted clinopyroxene dendrites in zone of plagioclase microlites. (C) Portion of a cluster of skeletal olivine phenocrysts in optical continuity. (D) Isolated skeletal olivine. (E) Portion of large euhedral olivine with clear glass inclusions in Z3, zone with coalesced spherulites having isolated glass in between.
The crystallization history of this sample parallels that of the oceanite. In some fairly large magma body where cooling rates were low, the olivine and spinel phenocrysts formed. Because these crystals have skeletal morphologies, the rate of cooling may have been somewhat higher than for the oceanites, which had mainly granular megacrysts. There were several parts to the extrusion history -periods of transfer to the surface, 0.1 mm
Figure 6. Oxides and sulf ides in dredge SD-7 olivine tholeiites. A, B, and G in plane-polarized light. C, D, E, F, and H in reflected light. (A) Chrome spinel with skeletal border in glass. (C and D) Detail of skeletal chrome spinel borders. (E) Portion of triangular skeletal chrome spinel partly rimmed with titanomagnetite. (F) Small skeletal titanomagnetites in zone of microlitic plagioclase (larger dark gray regions) and dendritic clinopyroxene (light gray). (G and H) Pyrite decorating vesicles in glass.
eruption, and flow, followed by a final period of pillow extrusion. All were accompanied by successive increases in cooling rate. During transfer, eruption, and flow, olivine microphenocrysts continued to grow, with little change in morphology, although many of the crystals were smaller than the phenocrysts. Spinel continued growing, but in skeletal form. Initial small skeletal plagioclase microphenocrysts started to form. Upon final pillow extrusion, all these crystals were trapped in glass, but both olivine and plagioclase continued to grow to within 1 cm of the edge of the sample. Each portion of the sample passed through an interval of undercooling in which fairly well formed crystals could grow. This was followed by an interval of heightened undercooling in which only spherulitic and dendritic crystals could grow, either as projections of (or overgrowths on) earlier formed crystals, or as separate crystals. Clinopyroxene joined the crystallization sequence, but even so olivine continued to form, in some cases clearly following plagioclase, and sharing interstitial zones with clinopyroxene. In the coarser-grained portions of the sample, crystallization proceeded until interstitial zones departed significantly from the original composition of the melt. Notably, they became more iron-enriched owing to abundant plagioclase formation. Between spherulite bundles, and in interstitial zones, titanomagnetite crystals formed.
Porphyritic Type 3: Plagioclase-Olivine Phyric Basalts
A full thin-section photomicrograph in transmitted light of a plagioclase-rich tholeiite from dredge SD-3 (Table 1, Figure 1 ) is shown in Figure 7 . Individual plagioclase crystals and glomerocrysts up to 0.5 cm across form perhaps 10 per cent of the sample, although overall the rock is more porphyritic than this. The larger plagioclases can be seen to have abundant tiny spherical glass inclusions. Others have fewer, somewhat larger glass inclusions, more irregular in shape. The spherical inclusions are aligned mainly along twin planes ( Figure  8A ), occurring particularly at the intersection of cleavage planes ( Figure 8B ). Many of them also contain fluid inclusions.
A number of the somewhat smaller plagioclase phenocrysts are girdled with smaller, granular olivines, which they partly enclose ( Figure 8A ). The portions of the crystals which enclose the olivines have a marked oscillatory zoning (Figure 8C and D) . Fewer zones are present on other crystals. Still others have only a single, narrow, but well-defined, normal zone, which evidently grew at quenching. Chrome spinel is less abundant in this sample than in the two previously described. However, a large plagioclase encloses a spinel grain, itself with a circular cross-sectioned plagioclase intergrowth at its center, on the lower left of Figure 7 .
The groundmass of this basalt is very similar to that in olivine-rich tholeiites such as that depicted on Figure  4 , and the same type of crystallization zonation can be applied to it. In the plagioclase-phyric rock, however, small lattice-type dendritic olivine overgrowths occur on tiny euhedral olivines in Zone 2 (glass with spherulites) and Zone 3 (coalesced spherulites). Overall, the dendrites are somewhat more abundant than in the olivinerich tholeiites. The dendrites and spherulites in the outer zones are also similar to those in olivine tholeiite types A 3 and A4 from DSDP Site 395, Mid-Atlantic Ridge, described and illustrated in Natland (1978) , but the dendrites are not as abundant.
SPECULATIONS ON SIQUEIROS FRACTURE ZONE PORPHYRITIC BASALTS
The phenocryst assemblage in the plagioclase-olivine phyric basalts has some resemblance to porphyritic Site 395 basalts, also described in Natland (1978) . In those basalts, I identified two generations of phenocrysts, which grew under entirely different conditions. The first consisted of large plagioclase megacrysts and glomerocrysts, containing glass inclusions and having quite calcic cores. The crystals were usually strongly zoned. The second generation of crystals were small, tabular, unzoned plagioclase euhedra and crystal clumps, generally more sodic than first-generation crystals in composition, and without glass inclusions. The two types were postulated to have formed in separate magma batches which were hybridized . Natland (1978) proposed that the glass inclusions in the plagioclases, which have primitive, not hybrid or fractionated, compositions (Fujii et al., 1978; were trapped during a period of skeletal growth and heightened undercooling in the transfer period from one magma reservoir to another. Kuo (1980) has recently reexamined the Mid-Atlantic Ridge basalts, and concluded that the formation of glass inclusions in the megacrysts occurred as a result of undercooling imparted to a primitive melt as it was mixed with a fractionated melt.
Whatever may be the case, something similar could have occurred here, since there is the same range in phenocryst types, including those with glass inclusions. However, the host glass composition is highly magnesian [Mg/(Mg + Fe) = 0.66; Natland and Melson, this volume], more so than in Site 395 phyric basalts; hence, the extremes in zonation and phenocryst compositions should be less.
Of more importance here is to emphasize that among three magnesian basalt types, with glass compositions differing but slightly, there are two different petrographic types based on the groundmass, yet the two with virtually identical groundmass crystal morphologies have strikingly different phenocryst assemblages. One must suppose that despite small chemical differences, those differences exerted a powerful influence on which minerals crystallized as phenocrysts near equilibrium. As Mg/(Mg + Fe) drops from about 0.71 to 0.66, a transition must occur between crystallization of olivine and spinel alone, to olivine, spinel, and plagioclase together. This impression may be complicated by the possibility that mixing has taken place in the plagioclase-rich basalts. If so, the composition of the melt in which the plagioclase phenocrysts formed may not be the same as that of the present host glass. Further evaluation of this awaits analysis of inclusions in the feldspars. In whatever way the phenocrysts originated, it is important to emphasize that the glass compositions of the oceanites and the olivine-rich tholeiites cannot be related to each other by fractionation of the phenocrysts in the basalts. They appear to be separate magma batches produced under different conditions of melting or highpressure fractionation beneath the fracture zone (Natland and Melson, this volume) . This may be part of the reason for the differences in groundmass crystal morphologies, although other explanations are possible (see Discussion) . Schrader et al. (this volume) postulated that the dredge SD-7 basalts leaked laterally into the fracture zone from the base of the axial magma chamber considered by Rosendahl (1976) to underlie this portion of the East Pacific Rise. They implied that a dense, olivinerich crystal mush could not rise to the apex of such a chamber without losing most or all of its olivines to gravitational segregation into the base of the chamber. This could explain why all sampled Rise and flank basalts are nearly or entirely aphyric. Recently, Sparks et al. (1980) argued that olivine-rich tholeiitic melts injected from the mantle into the base of such a chamber are in themselves both too dense and too viscous (by virtue of being charged with crystals; cf., Shaw, 1972) to convect upward and mix with overlying magmas. The magmas would stay settled at the base of the chamber. This is consistent with the observation of cumulus dunites at the base of ophiolites (e.g., Coleman, 1977; Hopson et al., 1977) . The olivines must settle out, and some evolution of the liquid by fractionation must occur before the melt can mix with more fractionated magmas higher in the chamber.
If the Siqueiros fracture zone olivine-rich lavas were tapped from the magma chamber, then, it was probably from its very base. But dredge SD-7 was obtained only 750-900 meters deeper than the summit of the East Pacific Rise axial block, and the deepest parts of the transform fault are only a couple of hundred meters deeper than this (Crane, 1976) . Consequently, the mechanics of tapping dense magmas at the base of a magma chamber thought to be some 5 km deep (Rosendahl, 1976) are difficult to envision. Less dense magmas closer to the top of the chamber would seem more accessible. Instead, a separate path from the mantle bypassing the main axial magma chamber is more plausible, especially given the diverse compositions of olivine-rich rocks unrelated by shallow crystal fractionation within the same dredge haul.
It may be of some interest that dredge SD-3, which has basalts so full of plagioclase, was from virtually the same depth interval in the transform fault as dredge SD-7 (Table 1; Figure 1 ). Fujii et al. (1978) have obtained density and viscosity data on an abyssal olivine tholeiite implying that plagioclase, if formed in similar magmas, should rise in the melt. Moreover, the basalt shown on Figure 7 has sufficient phenocrysts to exceed the threshold abundance (>8%) calculated by Komar (1972) to produce the grain-dispersive effect during dike injection necessary to make flow differentiation a viable mechanism for concentration of phenocrysts. The concentration of olivine phenocrysts toward the base of the olivine-rich tholeiite shown on Figure 4 could even more plausibly be caused by flow differentiation. The phenocryst abundance is sufficient, and many of the pieshaped pieces exhibit an increased concentration of olivine phenocrysts away from glassy margins. Since some of these pieces must have come from the sides or bottoms of pillows, the distribution of phenocrysts does not seem to be a reasonable consequence of gravitational crystal settling. However, the typical tubular form of pillows, of which the specimen shown on Figure 4 is part of a cross-sectional slice, provides nearly the same constraints on fluid flow as dikes or sills, which are more typical examples of flowage differentiation (Drever and Johnston, 1958; Battacharji and Smith, 1964; Simkin, 1967) .
SPARSELY PHYRIC AND APHYRIC BASALTS
The remarkable feature of all the basalts dredged or drilled from the crest or flanks of the East Pacific Rise compared with the rocks described so far from the Siqueiros fracture zone is that they have only very rare macroscopic phenocrysts, or none at all. Thompson and Humphris (this volume) have described euhedral or granular crystals of plagioclase, olivine, or clinopyroxene, singly or in clumps, as phenocrysts, although most are only 1.5 to 2 times larger than what they recognized as groundmass microlites. These phenocrysts invariably occur in the glassy or spherulitic portions of basalts, but not in chemically equivalent holocrystalline samples of the same rocks. The distinction of these crystals as phenocrysts, then, is simply recognition that in most submarine pillow basalts or thin extrusive flows, crystals begin to nucleate prior to final extrusion a few at a time. This is when cooling is nearer equilibrium, cooling rates are lower, and diffusion of components from melt to crystal can proceed at a reasonable pace. Extrusion of pillows or thin flows into cold sea water then traps these crystals at the latest stage of this process. In some samples, though, comparison of the size and abundance of such crystals in glass as opposed to spherulitic or microlitic zones indicates that they continue to grow even within a few centimeters of pillow margins, despite the discontinuity in cooling rate incurred upon extrusion. In a way, the continued growth of these crystals is comparable to normal zoning observed on large megacrysts in porphyritic basalts. Indeed, often the zoning is visible on the smaller crystals (Thompson and Humphris, this volume).
Nevertheless, the small crystals, or microphenocrysts, become surrounded by smaller spherulites or microlites which grow only after the cooling discontinuity occurs. Still, in some samples it is evident that additional crystals of the size and shape of the original microphenocrysts grew from scratch in spherulitic or microlitic zones. Such additional crystals are not present in the glass. This must reflect the propensity of the melt structure to continue its original pattern of crystal nucleation and growth throughout a range of undercooling, despite a marked change in cooling rate. In this case, the customary interpretation of porphyritic texture as indicating a discontinuity in cooling rate breaks down (but only for some of the crystals).
These remarks are offered because they describe in a general way the characteristics of all the Rise crest and flank basalts. In one respect, however, calling these small crystals phenocrysts is misleading. They are not the same as the coarse megacrysts of the basalts described earlier. For this reason, terms such as "micro-phenocryst" or, if in truly porphyritic basalts, "secondgeneration phenocryst" are preferable. I shall designate all basalts without macroscopically observable phenocrysts (megacrysts) as aphyric, despite the occurrence and even abundance of microphenocrysts.
Aphyric and Sparsely Phyric Olivine Tholeiites
Samples from dredge DS-3, near DSDP Site 423 (Figure 1) include several phenocryst-poor or deficient olivine tholeiites. Within the dredge, samples DS-3-3 and DS-3-5 have distinctly primitive, high-MgO compositions (Johnson, 1979) , and virtually identical petrography. Glass Group H, from DS-3-3 (Natland and Melson, this volume) has the most magnesian composition of any East Pacific Rise tholeiite from this, or any other portion of the Rise analyzed thus far. Natland and Melson (this volume) have proposed that this composition is representative of parental melts supplied from the mantle to the axial magma chamber.
Based on the precision of the electron microprobe analyzing technique, Natland and Melson were unable to distinguish glass Group H from Group F, which represents oceanites from dredge SD-7 in the Siqueiros fracture zone, described earlier (Figures 2 and 3) . Given the close similarity in compositions, photomicrographs of sample DS-3-5 ( Figure 9 ) show astonishingly different mineralogies.
Olivine is abundant, to be sure. It occurs as granular and skeletal grains between 0.01 and 0.1 mm in length (Figure 9 , A-E). But well-formed plagioclase microlites, absent in the oceanite (Figure 2 ), occur even in the glass of DS-3-5 ( Figure 9A ), and olivine dendrites are altogether absent. Brown spherulites follow the pattern of relationship to undercooling (distance from glassy margin) of the olivine-rich tholeiites shown on Figure 4 , coalescing first around portions, then around entire grains, of crystals in the glass. This is followed farther away from the quench margin by spherulite growth around cores of plagioclase microlites, then development of sheaf spherulites ( Figure 9D and E). The spherulite diameter where they intially coalesce is about 0.1 mm, comparable to that in the olivine-rich tholeiites, but about a factor of 10 less than in the oceanites (Figure 2 ).
These basalts are also an example of the continued growth of crystals which started to grow before extrusion as pillows. They have extremely elongate acicular plagioclase crystals in glass ( Figure 9A and B), but only rare tabular, more equant crystals. Such tabular crystals, however, are abundant in the spherulitic and microlitic zones away from glass rims ( Figure 9D and E), and must represent continued growth of the crystals present prior to pillow formation. Moreover, the slender microlites seen in the glass when traced into the pillow interior can be seen first to acquire spherulitic and then dendritic projections at each end, then to become sites for attachment of parallel crystals with similar dimensions in microlitic zones. Olivine microphenocrysts, on the other hand, are neither noticeably more abundant nor larger away from the glassy margin. They also have the same granular or skeletal "hopper crystal" morphologies as in glass (compare Figure 9C and E).
One important feature of this primitive olivine tholeiite is its tendency to have granular or skeletal olivines and skeletal or microlitic plagioclase clustered together, even in glass ( Figure 9B ). The clumps are too small, too far apart, and crystallized too close to the final stages of extrusion of the basalt for crystal accumulation processes to have been responsible for the clumping. The clusters evidently reflect the tendency of the melt structure to become ordered in some places over large distances (several crystal lengths) before nucleation and during crystal growth. They are an important feature of all basalts which have two phases -plagioclase and olivine, or plagioclase and clinopyroxene -crystallizing together. This type of multiphase heterogeneous nucleation is a probable consequence of cotectic crystallization; I shall argue later that this can be an important indication of the degree of evolution of a basalt.
Aphyric Olivine-Poor Tholeiites Transitional to Ferrobasalt Compositions
Basalts from DSDP Sites 422, 428, and 429 chemically are intermediate between the basalts so far described, and the preponderance of basalts recovered by drilling from the East Pacific Rise, which are sufficiently enriched in Fe and Ti to be termed ferrobasalts (Natland, this volume) . Inspection of Table 15 (modal analyses) compiled in the East Pacific Rise Site Report of this volume shows that most of the basalts from Sites 422 and 428 are highly crystalline. They are coarse grained, with ophitic textures. Olivine, though present, is rare, and apparently was subject to in situ crystal settling in these rather massive flows or intrusives, to judge from the variability in the modes (0-9.4%). Site 429 basalts, however, were apparently pillows or thin flows, and have substantially the same petrographic features as the more primitive olivine tholeiites described to this point, but with less olivine.
One feature of the petrography that may reflect the greater iron and titanium enrichment of these olivine basalts is that titanomagnetite is an important and obvious mineral, concentrated especially between fibers of fan or sheaf spherulites ( Figure 10A ), and at the intersections of such spherulites ( Figure 10B and C). They are not nearly so abundant in the corresponding zones of the more magnesian olivine tholeiites, but are similar to titanomagnetites in aphyric olivine-basalt types A 2 and A 3 from DSDP Site 395, Mid-Atlantic Ridge (Natland, 1978) which had comparable, moderately evolved compositions.
Tholeiitic Ferrobasalts
Basalts with 1.8-2.5 per cent TiO 2 and > 10.5-12 per cent FeO* were cored at Sites 420, 421, 422 (below the massive olivine tholeiites), 423, and 427 (Figure 1 ). They were also recovered in dredges SD-5, SD-6, DS-3, and DS-5. Those at Sites 420, 421, and 423 have surprisingly similar glass compositions (Natland and Melson, this volume) . The greatest enrichment in iron and titanium occurs in basalts from dredge SD-6 and DSDP Site 427 (see Natland, Axial Magma Chambers chapter, this volume). In addition to these East Pacific Rise samples, compositionally similar basalts (but with lesser TiO 2 and more FeO*) were recovered at DSDP Site 424 on the Galapagos Rift (corresponding to glass Group T of Natland and Melson, this volume).
Figure 9. Crystals in aphyric olivine tholeiites dredge DS-3. (A) Acicular plagioclase needles and granular to euhedral olivines in glass, plane-polarized light. (B) Curved acicular plagioclase and small olivine-plagioclase clump in glass, partially crossed nichols. Curvature of plagioclases occurred during stretching of pillow rim as it grew. (C) Skeletal olivine partially enclosing plagioclase microlites in glass, crossed nichols. (D) Spherulitic overgrowths on microlites, plane-polarized light. (E) Clump of plagioclase and olivine crystals in spherulitic zone, plane-polarized light. (F) Tabular plagioclase crystals with dendritic arms merging with groundmass sheaf spherulites, in plane-polarized light. (G) Assorted tabular plagioclase and euhedral to skeletal olivines in zone of coalesced spherulites with distinct borders, in plane-polarized light.
Except for the massive ponded ferrobasalts cored deep in the Siqueiros fracture zone at Site 427, all the ferrobasalts recovered by dredge and drill were fragments of pillows, or more probably, sheet flows (see Natland and Rosendahl, this volume, for discussion and illustrations). The characteristics of such fragments are first of all that they have a flat, or nearly flat, glassy margin; secondly, that they have primary consolidation joints orthogonal to the glassy edge, with paralleling alteration rinds; and thirdly, that the pieces are small, with primary joints separated by distances averaging less than the diameter of the core. One such piece is shown in Figure 11 . The photomicrographs arrayed around the photo of the rock sample are from several different sites and samples, but each is representative of the general portion of the rock sample indicated on the figure.
The photomicrographs show that the same general zonation scheme used by Kirkpatrick (1978) and applied earlier to olivine tholeiites also can be applied to ferrobasalts, with the following modifications:
1) Glass has a distinctly yellower cast than in olivine tholeiites, and has a hackly pattern of microfractures; crystals within it are clumps of small euhedral and skeletal plagioclase, and anhedral clinopyroxene ( Figure  11 A) .
2) The zone of isolated spherulites ( Figure 11B ) is narrow, and the spherulites are very dark brown. There is no zone where crystals float free in glass without a dark corona of spherulites.
3) The spherulites coalesce to a zone that is virtually opaque ( Figure 11B and C) . 4) In the zones of more coarsely fibered spherulites, and in microlitic zones, titanomagnetite forms large grains in high concentrations within reddish brown glass between sheaves of brownish clinopyroxene (Figures HDandE).
5) Where textures are sufficiently coarse to be termed subophitic, titanomagnetites are very large (up to 0.25 mm) and very abundant, with granular, skeletal, or "staircase" exterior morphologies ( Figure 11F and 12A). In comparable zones of olivine tholeiites, they are much smaller (no more than 0.05 mm) with skeletal morphologies.
6) Also in subophitic ferrobasalts, sulfied globules are both more abundant and larger than in olivine tholeiites (Figures 12B and 12C ; see also Schrader et al , this volume).
The spherulites in and near glass owe their dark color primarily to abundant, very tiny titanomagnetites. These can be seen only at high magnification using unfiltered, high-intensity, focused convergent light (Figure 12D and E) or reflected light ( Figure 12F ). These tiny crystals are so abundant that they undoubtedly explain the high intensity of magnetization of the basalts. In detail, spherulites around crystals consist of two zones -a darker interior zone where abundant titanomagnetites occur between plagioclase spherulite fibers, and an outer less dark zone where spherulite fibers are extremely fine, and titanomagnetites are less abundant and in some samples cannot be resolved. Evidently, growth of the silicate fibers so enriches glass between them in iron that titanomagnetite must form.
Figure 11. Crystal growth in ferrobasalts. The rock shows the typical nearly flat glassy top (partially beveled by rotation against another rock during drilling) and faint alteration rind of fragments of small sheet flows or pillows. The photomicrographs are from different samples and show variations at increasing crystallinity and grain size away from the glassy margin, all in plane-polarized light. (A) Plagioclase-clinopyroxene crystal cluster in glass with dark brown corona of spherulites. (B) A similar crystal cluster in the zone of nearly opaque coalesced spherulites. (C) Skeletal olivine and smaller skeletal plagioclase in zone of coalesced spherulites. (D-F) Transition from crudely fan-like clinopyroxene spherulites and plagioclase microlites to nearly ophitic mesh textures in the same
The spherulites are probably composites of both plagioclase fibers and clinopyroxene dendrites. In certain cross sections, they have an interior dendrite framework. (Figure 12G ). In coalesced zones the dendrite fibers are coarser, and grew from tiny diamond-shaped clinopyroxenes ( Figure 12H ).
Olivine can occur in these basalts, but it is very rare and only occurs in near-glassy samples within the dark, nearly opaque mesostasis. In all cases that I have examined, it has either skeletal or lantern-and-chain morphologies ( Figures 11C and 121 ). Modal data (Table 15 , East Pacific Rise Site Report) show that it does not occur in more crystalline samples. Here is possibly a case analogous to crystallization in the pure diopside system where olivine precipitates metastably, ahead of clinopyroxene, at high undercoolings (Kirkpatrick and Melchior, 1979) . Since glass compositions in these basalts are quartz-normative, and thus supposedly incompatible with the growth of olivine, metastable olivine crystalization seems likely.
The occurrence of olivines in these basalts complicates any classification scheme based solely on the occurrence of minerals, particularly olivine. The various criteria listed earlier all seem more reliable as petrographic indicators of ferrobasalt composition.
Transitional-Alkalic Olivine Basalts
The "transitional" (term of Johnson, 1979) basalts recovered in dredge DS-4 from near the summit of one peak on OCP Ridge combine some of the attributes of ferrobasalts with some of those of olivine tholeiites. Olivine is present, even as tiny crystals in glass ( Figure  13A ), but does not form coarse megacrysts or glomerocrysts. The largest crystals are small euhedra grouped in small clumps ( Figure 13B ). These olivines enclose abundant, but tiny, euhedral chromian spinels ( Figure 13C ). There are no free-floating spinels apart from the olivines, as there are in the olivine tholeiites. In glass, the small olivines lack dendritic coronas.
Despite the olivine, the initial spherulites formed in glass are brown and very dark. They coalesce to a dark brown mesostasis, reminiscent of ferrobasalts. They are small, elongate, and distinctly fibrous in glass ( Figure  13D ) where they are arrayed in rows or sworls ( Figure  13E ). These apparently are a consequence of stretching of the cooling yet still plastic skin of the newly forming pillows. In detail, the spherulites in the glass can be seen to consist of two types: small ellipsoidal bundles of tiny radial fibers, and still smaller, equally dark fibrous bundles with wisp-like dendrites branching laterally from them ( Figure 13D ). The two types may be variations on a theme, representing cross sections of different-sized spherulites, or cuts in different directions. They do not coalesce around acicular or needle-like plagioclases further into the rock, nor around any other optically identifiable mineral. They are probably clinopyroxene. This impression is reinforced by the development within 1-2 cm of glassy margins of striking, distinctly different sheaves and bundles of spherulitic plagioclase ( Figure 13F and G) . These have a dark corona with abundant titanomagnetites where their outer, finely fibrous extremities intersect the coalesced equivalents of those so prominent in the glass. The two types of spherulites combine and interdigitate farther into the samples, where they are joined by tiny lantern and chain olivines with lattice-type dendrite coronas. Ultimately, these give way in microlitic zones to acicular plagioclase, extremely elongate swallowtail and hopper olivines, and very fine dendritic clinopyroxene ( Figure 14A  and B) . Here, the olivines form nuclei to radiating plagioclase clusters ( Figure 14C ) and can assume extremely elongate morphologies ( Figure 14D and E) .
To recapitulate, the distinctions between these basalts and ferrobasalts are: (1) these have abundant olivine and associated chrome spinel, and (2) they lack plagioclase-clinopyroxene crystal clumps in glassy and spherulitic zones. The distinctions between these basalts and olivine tholeiites are: (1) lack of plagioclase microlites, or crystal clumps of olivine and plagioclase, anywhere in the samples; (2) lack of isolated plagioclase microphenocrysts or megacrysts; and (3) presence of a dark zone of coalesced spherulites, probably including clinopyroxene spherulites, a type absent or rare in typical olivine tholeiites.
DISCUSSION
The foregoing descriptions raise a number of important questions. It is evident, for example, that very similar, if not identical, melt compositions can be host to mineral assemblages with different crystal morphologies and different mineral proportions at comparable distances from cooling unit boundaries. Why? Given this fact, there are two corollary questions. At what level do compositional differences dictate crystal morphologies and mineral assemblages in a way that cannot be altered beyond recognition by kinetic effects? Are there any reliable petrographic criteria that can be used to distinguish ferrobasalt from olivine tholeiite in all cases, or the latter from more alkalic olivine basalts?
Finally, we can ask in what way petrographic data on these basalts constrain magmatic processes on the East Pacific Rise, particularly crystal fractionation, mixing, contrasts between the Rise and the fracture zone, and differences between the Rise and the Mid-Atlantic Ridge?
These questions are considered in turn in the following paragraphs.
Similar Compositions -Dissimilar Crystal Morphologies
The question of the influence of melt composition on the formation of phenocrysts has already been discussed. The porphyritic basalts are all close to the transition between crystallization of olivine alone, and cotectic crystallization of olivine and plagioclase. This transition occurs over a very narrow compositional interval.
There are really only two types of groundmass textures among the olivine-bearing and olivine-rich basalts: that in the oceanites on the one hand, and all the other olivine tholeiite types on the other. Although the oceanite is clearly more magnesian than several of these, there is virtually no difference in its glass composition and the composition of aphyric olivine tholeiite glasses from dredge DS-3 (Natland and Melson, this volume), as already discussed. There are at least four possibilities why plagioclase microlites are so abundant in the glass of the DS-3 basalts, but are not present in the oceanite.
1) The compositional differences, though small, were critical.
The magnitude of the compositional difference is virtually undetectable in the glasses, and it is in any case much smaller than the wider range of compositions found among all other olivine tholeiites. These have groundmass textures similar to DS-3 basalts, but not the oceanites. Donaldson (1979) , however, has cautioned that major changes in melt structure result from small compositional changes, and these in turn can produce major differences in crystallization, particularly in the delay in nucleation of olivine.
2) The lack of vesicles in the oceanite (possibly related to deep extrusion in the fracture zone) implies that volatiles have not exsolved from the melt and this prevented plagioclase from forming.
Volatile retention, especially of water, may be important, especially considering that there may have been as much as 1000 meters difference in depths of eruption of the two basalts, preventing vesicle formation in the oceanites. Thompson and Humphris (this volume) proposed just this mechanism to explain anomalously calcic plagioclase cores in plagioclase microphenocrysts of drilled ferrobasalts. They are not convinced that water is a much less abundant component of dissolved volatiles in East Pacific Rise magmas than carbon dioxide (Moore et al., 1977; Delaney et al., 1978; Muenow et al., 1979) . Also they pointed to the fact that gas-bubble inclusions have only been analyzed from melt trapped by skeletal crystal growth of olivine and plagioclase megacrysts, perhaps grown in the mantle or deep crust. They view the large axial magma chamber thought to underlie the crest of the Rise (cf., Rosendahl, 1976) as a likely place where water could be added to the melt, especially given the importance of hydrothermal circulation of sea water in cooling the magma chamber (Corliss et al., 1979) . They argue that p H2θ would drop during the rise of magmas from the top of Layer 3 to the ocean floor. The magmas vesiculated en route to the surface, causing strong normal zoning on the plagioclase microphenocrysts. Magma ascent and eruption were too rapid to allow the unstable calcic plagioclase cores to resorb; instead they were zoned.
This argument has some appeal here, especially if the oceanites were tapped from within the magma chamber, and did not vesiculate en route to the surface. But because the magmas were so much less fractionated than those examined by Thompson and Humphris (this volume) , the effect of/? H2θ on shifting the plagioclase liquidus boundary actually tended to suppress its crystallization at high undercooling.
Unfortunately, there are no data on gas-bubble inclusions for these samples. The lack of water in any analyzed inclusions in abyssal tholeiites, and the general low vesicularity of the Rise tholeiite suite cast some doubt on this whole line of reasoning. Also, as previously discussed, density-depth relationships make it difficult to envision tapping basalts so rich in olivine phenocrysts from the axial magma chamber; instead, as argued earlier, a route bypassing the magma chamber seems more likely. Thus although volatile retention is a possible explanation for the contrasting petrography of the two basalt types, it clearly needs further investigation.
3) The delay in the nucleation of plagioclase with respect to olivine in the oceanite was caused by eruption of a somewhat superheated magma; the aphyric olivine basalt, however, was not superheated. Donaldson (1979) showed that the delay of nucleation in olivine even at considerable undercooling is a function of (1) cooling rate, (2) melt composition, and (3) amount of initial superheating. He pointed to somewhat similar experimental data of Gibb (1974) that showed that plagioclase nucleation at a given undercooling is even more sluggish than olivine, and can cause olivine to crystallize first in a basalt with plagioclase on the liquidus. Extreme undercooling is known to increase the temperature interval between olivine and plagioclase crystallization in a lunar picrite (Walker et al., 1976) . For the dredge SD-7 oceanites and dredge DS-3 primitive aphyric olivine basalts, we can presume that pillow cooling rate and melt composition are virtually identical (with the possible exception of water contents, as discussed above), leaving superheating as the remaining alternative explanation. Donaldson (1979) described the growth of olivine in melts as dependent on the development of random "olivine-like" embryos, 0.01 to 0.05 mm across. He described embryos as " 'clusters' of ions, some of which have the structures of solid phases which can crystallize from the melt." With increasing superheating, embryo size decreases, causing longer "incubation periods" before olivine nucleates at any given undercooling. Walker et al. (1979) also found that superheating decreases the number of nucleation sites (i.e., embryos). Donaldson (1979) additionally found that crystal morphologies in basalts of the same composition will vary at the same rate of undercooling, depending on the initial superheating.
These conclusions imply that the oceanite could have erupted with some superheating, whereas the aphyric olivine basalt my have been slightly supercooled. If plagioclase nucleation is more sluggish than that of olivine, then the oceanites may be viewed as basalts which would have formed well-crystallized microlites in glass were it not for initial melt superheating. Neither plagioclase microlites nor spherulites formed readily because the embryos of plagioclase nucleation were reduced in number and size. This also no doubt dictated the larger size of plagioclase spherulites at comparable distances from the glassy rim in the oceanite compared with the olivine tholeiite. Centers of nucleation were few and far between, and appear to have been small crystals (olivine, spinel, plagioclase microlites) far larger than the crystals which served as centers for nucleation of olivine dendrites. Either the size or the type of interface was critical in determining where the spherulites grew. In the dredge DS-3 aphyric olivine basalts, nucleation embryos and crystals were far more abundant; hence, the spherulites were much smaller. This particular melt composition may never have undergone much superheating, and the growth of olivine prior to eruption and pillow formation could have diminished the number of olivine embryos to the extent that few dendrites formed.
4) The oceanite has abundant olivinephenocrysts, the primitive olivine basalts do not. Donaldson (1979) observed that addition of olivine crystals (phenocrysts) to a melt reduces the number of crystallization embryos by depolymerization of melts. This would explain the large and rare plagioclase spherulites in the oceanite, but seems contradicted by the myriads of olivine crystallites and dendrites. Also, most of the basalts in dredge SD-7 (shown on Figures 4-6 ) have olivine phenocrysts, but lack the groundmass texture of the oceanites.
In summary, the possibilities for producing different crystal morphologies and proportions of minerals at high undercooling are considerable, and are far from being dependent solely on composition. Of the alternatives just discussed, that of contrasting magma superheating and supercooling has the fewest objections for the samples in question, but none of the alternatives has been entirely precluded, and they could be important factors in controlling crystal growth in these and other samples.
Petrography as a Guide to Composition
Despite the important kinetic effects just described, there are still aspects of the petrography of sea-floor basalts that can be related to composition. Natland and Melson (this volume) discerned two types of chemical variation within the suite of glasses from basalts dredged and drilled from the region. These were (1) crystal fractionation, first of plagioclase and olivine, then with clinopyroxene adding to the assemblage, and finally with plagioclase and clinopyroxene together, and (2) variations among olivine basalts caused by differences in the depth or degree of melting, and source heterogeneities. These two types of variation are indicated by arrows on a ternary plot of normative olivine, diopside, hypersthene, and quartz ( Figure 15 ). The figure emphasizes variation of the two principal mafic phases, clinopyroxene and olivine, in modifying residual glass compositions during fractionation. The fractionation trend is indicated schematically by the sharply curved arrow (labeled 1). The double-headed arrow (labeled 2) shows the approximate range among tholeiites caused by variations at the source. Natland and Melson (this volume) also presented MgO variation diagrams which show the same general features, including on many diagrams changes in curvature analogous to the fractionation trend of Figure 15 .
In this normative projection, the initial importance of olivine as an early-fractionating mineral, and of clinopyroxene as a late-fractionating mineral, are clearly evident. Glass Groups F and H, which plot very close together, are from the dredge SD-7 oceanites (Figure 2 ) and the dredge DS-3 aphyric olivine tholeiites (Figure 9 ), respectively. Olivine (+ plagioclase) is responsible for shifting residual compositions from analogs of these parental types, to compositions such as glass Group R (DSDP Site 429), at an intermediate point on the sharply curved trend. In Site 429 basalts, olivine is still a minor mineral, but modes are dominated by plagioclase and clinopyroxene (Table 15 , East Pacific Rise Site Report, this volume). Decline of olivine fractionation and ascendancy of clinopyroxene fractionation then shift residual compositions toward the quartz apex, although on this projection, some olivine fractionation must still occur to move compositions into the quartz-normative field. Thus, basalts corresponding to glass Groups A, C, K, Q, and S of Natland and Melson (this volume) still have minor modal olivine (Batiza et al., 1977; East Pacific Rise Site Report, this volume) . Finally, the quartznormative glasses all have microphenocrysts of clinopyroxene and plagioclase, chiefly as clusters in glassy and spherulitic samples, and correspond to the ferrobasalts depicted on Figure 7 .
These comparisons suggest that microphenocrysts (plagioclase + olivine and/or clinopyroxene), particularly those in multiphase clusters, are a good petrographic guide to the degree of evolution of abyssal tholeiites. Although the rate of cooling of the basalts when these crystals formed might have been fairly high, nevertheless the profound effects of undercooling experienced during pillow or sheet flow formation had not yet occurred. Nor are these crystals likely to be xenocrysts added to the magma during mixing. The correspondence of microphenocrysts to the minerals that can be infered to control fractionation based on the normative plot ( Figure 15 ) is very good. Even the olivine-spinel phyric oceanites and tholeiites have at least incipient plagioclase microlite formation to suggest that cotectic crystallization of olivine and plagioclase had begun. Consequently, there are no glass compositions that can be linked by fractionation of olivine (+ spinel) alone; some plagioclase fractionation is also necessary (see MgO variation diagrams, Natland and Melson's fig. 2, this volume) .
Ferrobasalts can also be distinguished from olivine tholeiites by several other criteria, which will corroborate indications from microphenocrysts. These are: (1) nearly opaque coalesced spherulites; (2) tiny abundant titanomagnetites in the coalesced spherulites; (3) coarse titanomagnetites in high concentrations in interstitial zones of subophitic rocks; and (4) abundant, large, globular sulfides associated with titanomagnetite in coarser grained samples.
To distinguish olivine tholeiites from the more alkalic olivine basalts is made more difficult by my having examined only one example of the latter. The two extremes represent nearly the entire variation caused by differences in depth or degree of melting, and source heterogeneities, in the region ("band-width" variations of Natland and Melson, this volume; trend 2 of Figure 15 ). Only some basalts of dredge SD-8 (not described) are more alkalic (Batiza et al., 1977) . The major difference between olivine tholeiites and the more alkalic basalts is the lack in the latter of even the tiniest plagioclase microlites in glass or the zone of coalesced spherulite globules. The occurrence of small, euhedral olivine microphenocrysts, but not granular megacrysts and glomerocrysts, is also distinctive, but the significance of the size and morphology is uncertain. More important is the abundance of these olivine phenocrysts throughout the samples, and the abundance of swallowtail olivine in microlitic zones. This feature is reminiscent of one of the classical distinctions between subaerial tholeiites and alkalic olivine basalts: the latter have groundmass olivine. What seems to be occurring in a rather subtle way is that the overall abundance of plagioclase is lower, and that of olivine is higher, at all stages of crystallization, than in olivine tholeiites. This is because the basalt has less CaO, less SiO 2 , and more Na 2 O than abyssal tholeiites at comparable MgO (Natland and Melson, this volume) . In terms of phase petrology, this would tend to broaden the temperature interval between the onset of olivine crystallization, and the onset of plagioclase crystallization, a feature which would probably persist or be extended at heightened undercoolings (see fig. 2 of Walker et al., 1976) . The higher CaO may also influence the formation of incipient clinopyroxene spherulites in these basalts where they do not generally occur among olivine tholeiites. A summary of the principal petrographic features of the basalts described in this paper is given on Table 2 .
Magma Mixing and Comparisons with Mid-Atlantic Ridge Basalts
The suite of samples described here offers little petrographic indication that magma mixing has occurred. This is surprising because of the geophysical evidence for a steady-state magma chamber of considerable dimensions (underlying the entire axial block) on this portion of the East Pacific Rise (cf. Rosendahl, 1976 ). In such a reservoir, replenished only from deeper sources, magma mixing certainly must occur (O'Hara, 1977;  Bryan et al., 1979) . The lack of evidence for mixing is largely because so few of the samples contain large megacrysts with glass inclusions such as have provided powerful evidence for mixing among Mid-Atlantic Ridge magmas (e.g., . Only the plagioclase-olivine phyric basalts from the Siqueiros fracture zone show analogous features.
This lack of petrographic evidence for mixing may depend in part on a critical lack of certain compositions available for study. Basalts from the Siqueiros fracture zone are dominated by primitive olivine tholeiites [Mg/ (Mg + Fe) = 0.63-0.71 in glasses]. Those from the East Pacific Rise crest and flanks are predominantly ferrobasalts [Mg/(Mg + Fe) <0.55]. Even olivine tholeiites from the Rise are rather highly evolved, with low normative olivine in their glasses (Figure 15 ). There are few intermediate compositions to bridge the gap between these (glass Group R from Site 429 is one exception). Given the available end members, such intermediate compositions would seem to be the logical products of magma mixing; but we do not have them to study.
Two possible petrographic effects involving mixing of primitive and evolved abyssal tholeiites have been suggested by Walker et al. (1979) . The first stems from the curvature of the liquidus boundary in the system CaO-MgO-Al 2 O 3 -SiO 2 , defined by projection of normative compositions of experimentally determined compositions into various planes of the CMAS system. The curvature of the natural glass fractionation trend of Figure 15 , and of several MgO variation diagrams (Natland and Melson, this volume) is analogous to this. If mixing occurs between two end members on this curve, the hybrid will not lie on the curve but within the primary phase volume of clinopyroxene. Mixing will have supercooled the hybrid, forcing crystallization of clinopyroxene. This predicts coexistence of clinopyroxene and olivine phenocrysts in basalts which would otherwise only have had olivine as a mafic phenocryst. No such clinopyroxene-bearing basalts occur among the East Pacific Rise samples, although several of the phyric groups from DSDP Site 395 on the Mid-Atlantic Ridge have clinopyroxene phenocrysts. On other evidence, those basalts are considered to be hybrids Natland, 1978) . Walker et al. (1979) also considered that, depending on what end members are involved in mixing, departure from cotectic boundaries could result in superheated or supercooled magmas, with important, but not necessarily guaranteed, contrasts in texture. A magma that is supercooled by this mechanism will have many centers of crystal nucleation, and should crystallize to a mesh or subophitic texture. A hybrid magma that is superheated by this mechanism should have fewer centers of nucleation (as already discussed in another context), and form fewer crystals that are extremely elongate at comparable undercoolings. This is called fasciculate texture. Among Mid-Atlantic Ridge Site 395 aphyric basalts, both these textures occur. Types A 3 and A 4 have mesh and type A 2 fasciculate textures (see illustrations in Natland, 1978) . Both types A 2 and A 3 appear to be hybrid compositions, based on geochemical evidence (Rhodes and Dungan, 1979; Natland, this volume) .
The key to developing fasciculate texture among abyssal tholeiites, using the phase petrologic arguments of Walker et al. (1979) , is to mix lavas having, besides plagioclase, either olivine alone or olivine and high-Ca clinopyroxene on the liquidus, with highly evolved ferrobasalts having low-Ca clinopyroxene (pigeonite) on the liquidus. Owing to an inflection in the liquidus boundary, such mixing causes the hybrids to be superheated; hence fasciculate textures are developed. The evolved basalts evidently have 14-18 per cent FeO* and 2.5-4.5 per cent TiO 2 . Now all the aphyric East Pacific Rise or flank basalts examined for this study have mesh or subophitic textures, and none is as evolved as these. This suggests that highly evolved compositions are very rarely produced along this portion of the Rise, and that none was involved in mixing to produce the ferrobasalts we have recovered. Therefore, the sampled ferrobasalts in all likelihood are themselves close to the maximum residual compositions produced in any abundance in this region, and resulted from crystal fractionation. Walker et al. (1979) have stressed that mixing in axial magma reservoirs should produce on average an intermediate hybrid composition far more abundant than typical residual iron-enriched magma types. They found data to support this in compilations of worldwide abyssal tholeiites. The conclusion just reached, however, seems to contradict this, since ferrobasalts are so abundant in the Leg 54 study area but are at the upper end of the spectrum in terms of degree of fractionation.
Elsewhere, I have presented geochemical data which show that mixing between East Pacific Rise primitive olivine tholeiites and ferrobasalts does not occur (Natland, this volume). The presence of an axial magma chamber seems to buffer the composition of primitive magmas supplied at its base to only somewhat more evolved olivine basalt magmas. Ferrobasalts themselves appear to form in isolated small magma bodies (dikes, lava lakes, trapped magma pockets) above or away from the main body of the magma chamber. Mixing within the magma chamber is thus among olivine tholeiite compositions only. Walker et al.'s (1979) arguments would favor some supercooling among hybrids of this mixing. This is not contradicted by textural evidence, since all axial basalts have mesh or subophitic textures in coarser-grained samples.
Ferrobasalts rarely erupt on the Mid-Atlantic Ridge, but seem much more commonly to be involved in mixing than on the East Pacific Rise. The fasciculate Type A 2 aphyric basalts and the phyric basalts with clinopyroxene phenocrysts from Site 395 are two examples of this. Indeed, glass compositions in the latter are quartz-normative and distinctly more iron-enriched than either their whole-rock bulk compositions or other aphyric basalts at the site would suggest (see Natland, Axial Magma Chambers chapter, this volume, fig. 8 ). They contain strongly zoned megacrysts of olivine and plagioclase with core compositions that must have equilibrated in a more primitive melt, and which also contain more primitive glass inclusions . The clinopyroxene phenocrysts do not clump with these in glomerocrysts. Therefore, they formed during or after mixing between a megacryst-bearing primitive magma, and an evolved magma represented by the host glass compositions. Groundmass textures and crystal morphologies of these hybrids in many respects resemble those of East Pacific Rise ferrobasalts (Figures 12 and 13) , especially in having abundant plagioclase and clinopyroxene but no olivine dendrites in glassy and spherulitic samples (Natland, 1978, fig. 13 ).
The rarity of extreme differentiates among the worldwide abyssal tholeiite population does not, in my view, arise because of the general development of recurrently replenished steady-state axial magma chambers. On the contrary, most of the analyzed abyssal tholeiite population is from rifted, slow-spreading ridges. For one such ridge, the Mid-Atlantic, geophysical evidence (Rosendahl, 1976; Nisbet and Fowler, 1978; Sleep and Rosendahl, 1979) , structure (Allmendinger and Riis, 1979) and petrologic inferences Bougault et al., 1978; Natland, 1978) point to the existence of small, isolated, infrequently replenished magma chambers. These were so close together that they supplied distinct batches of lava with contrasting chemistry to the same DSDP sites either simultaneously or alternately throughout the construction of Layer 2 (Natland, 1978 and this volume) . The magma types cannot be related by crystal fractionation or accumulation. The inference that mixing is involved in producing median compositions is correct. But this is because mixing between primitive and evolved end members at both deep and shallow levels in the crust is favored on the Mid-Atlantic Ridge. On the East Pacific Rise, however, the buffering axial magma reservoir ensures that such mixing of extreme end members cannot occur. This view is developed more fully in Natland (Axial Magma Chambers, chapter, this volume).
In summary, geochemical data imply that certain types of magma mixing do not occur in the axial magma chamber of the East Pacific Rise near 9°N. This is not contradicted in any sample by mineralogical or textural evidence. Olivine tholeiites can mix with olivine tholeiites, and possibly ferrobasalts with other ferrobasalts (in shallow conduits prior to eruption). But primitive olivine tholeiites and ferrobasalts do not mix. Basalts that are enriched with iron to an extreme extent rarely, if at all, erupt, since none has been sampled, and none can be inferred to have mixed with any more primitive magma on the basis of textural evidence. 
